While variations in sedimentary organic matter (OM) quantity, biochemical composition and nutritional quality as well as in meiofaunal abundance and assemblage composition at the macro-and mesoscale are relatively well known, information about variations at the microscale is much scarcer. To shed some light on this issue, we tested the null hypothesis by which abundance and composition of the meiofaunal assemblages, and the quantity, biochemical composition and nutritional quality of sedimentary organic matter in coastal shallow environments do not vary within a frame of 1 m 2 . No significant variation within the frame emerged for OM quantity, nutritional quality, biochemical composition and the abundance of meiofaunal assemblages. On the other hand, the composition of meiofaunal assemblages varied significantly within the frame and exhibited a clear segregation of assemblages farther to the shore, as a likely result of local micro-hydrodynamic conditions. Spatial autocorrelation analysis revealed that lipid and protein sedimentary contents had a random distribution, whereas carbohydrate and biopolymeric C contents and meiofaunal total abundance were characterized by a patchy distribution, with discrete peaks within the sub-frame squares (ca. 0.1 m 2 ). Phytopigments showed a spatial positive autocorrelation distribution, following the micro-hydrodynamic pattern, with patches larger than the sub-frame square, but smaller than the entire one (1 m 2 ). Overall, our results suggest that, within 1 m 2 of subtidal sandy sediments, three replicates could be sufficient to assess correctly OM attributes and the abundance of meiofauna, but could be possibly inadequate for assessing meiofaunal assemblages' composition at a finer scale (<1 m 
INTRODUCTION
Most typically, the environment is spatially structured in relation to different and variable energy inputs, which altogether modulate the distribution of organisms in patches or gradients (Legendre and Fortin, 1989; Levin and Sibuet 2012; Woolley et al., 2016) . Indeed, the typical non-random pattern of species or species assemblages' organization determines the aggregation into clumps or patches of abundance (Levin and Sibuet, 2012; Pinckney and Sandulli, 1990; Rex and Etter, 2010) .
The patchy distribution of marine benthos is the result of many different factors, including, among the others, either abiotic (e.g., geomorphology, hydrodynamic conditions; Zeppilli et al., 2016) or biotic (e.g., resource availability, competition and predation; Denny et al., 2004) factors.
The knowledge about the complexity of natural habitats is essential to understand the characteristics of assemblages' patchy distribution (Legendre and Fortin, 1989) . The heterogeneity of the physical environment contributes significantly to preserve the community diversity, as well as the diversity of biological processes and ecological interactions that can be observed at different points in space (Legendre and Fortin, 1989) . For instance, in marine ecosystems, habitat spatial heterogeneity and discontinuity of the substrates can explain the heterogeneous distribution of meiofauna and the relationships between biodiversity and ecosystem functioning (Zeppilli et al., 2016) .
The comparison between spatial models of distribution of consumers and their resources gives information about the trophic interactions and the scale at which these interactions occur (Sandulli and Pickney, 1999) . The scales of the spatial variability of the marine benthos have been investigated since a long time. However, while the scales of spatial variability for macrobenthos are well known, those of meiofauna and prokaryotes are still matter of debate (Danovaro et al., 2001; Fontaneto and Hortal, 2012; Moens et al., 2013; Pusceddu et al., 2014; Prat et al., 2015) .
Meiofauna show frequently an irregular distribution over different spatial scale (Moens et al., 2013; Cerca et al., 2018; Fontaneto, 2019 ;) Several causes have been indicated to explain this, in particular for microscale variations (i.e., centimeters), and include, among the others: hydrodynamics (Semprucci et al., 2011) , biotic structures (Bianchelli et al., 2013) , reproduction, predation, micro-topography (Raes et al., 2007 ) , intraspecific interactions (Chandler and Flegger, 1987) and food resources (Semprucci et al., 2019) . One of the potential food sources for meiofauna is represented by the sedimentary organic matter (OM), which also includes the fraction originating from the micro-algae. OM quantity and biochemical composition in marine sediments allows to determine the trophic state of the system (Dell' Anno et al., 2002; Pusceddu et al., 2004 Pusceddu et al., , 2009 , i.e. the levels of potential food availability for the benthic consumers and, therefore, for the meiofauna (Pusceddu et al., 2007 (Pusceddu et al., , 2011 . No significant variation within the frame emerged for OM quantity, nutritional quality, biochemical composition and the abundance of meiofaunal assemblages. On the other hand, the composition of meiofaunal assemblages varied significantly within the frame and exhibited a clear segregation of assemblages farther to the shore, as a likely result of local micro-hydrodynamic conditions. Spatial autocorrelation analysis revealed that lipid and protein sedimentary contents had a random distribution, whereas carbohydrate and biopolymeric C contents and meiofaunal total abundance were characterized by a patchy distribution, with discrete peaks within the sub-frame squares (ca. 0.1 m 2 ). Phytopigments showed a spatial positive autocorrelation distribution, following the micro-hydrodynamic pattern, with patches larger than the sub-frame square, but smaller than the entire one (1 m 2 ). Overall, our results suggest that, within 1 m 2 of subtidal sandy sediments, three replicates could be sufficient to assess correctly OM attributes and the abundance of meiofauna, but could be possibly inadequate for assessing meiofaunal assemblages' composition at a finer scale (<1 m To provide further insights on the spatial scales of variation of meiofauna, we analyzed the small-scale (<1m 2 ) variation in the abundance and composition of the meiofaunal assemblages, along with the OM quantity, biochemical composition and nutritional quality in subtidal sandy sediments. More in details, we tested the null hypothesis by which abundance and composition of the meiofaunal assemblage, OM quantity, biochemical composition and nutritional quality do not vary within a surface of 1 m 2 . Finally, we investigated the small-scale spatial autocorrelation of the organic compounds in terms of phytopigment, protein, carbohydrate, lipid, biopolymeric C (BPC) contents and meiofaunal abundance to: i) analyze the heterogeneity and variability of the spatial distribution at their smallest spatial scale of distribution; ii) characterize their spatial patterns of variation, as an indication of the reliability of the sample size and replication.
METHODS
Sediment sampling was carried out at 50-cm depth in a coastal sandy location of South Sardinia (Tyrrhenian sea, Mediterranean Sea) in May 2016. A 1 × 1 m frame was placed on the sea bottom and divided into 3 × 3 squares (each one of 33 × 33 cm size) for a total of 9 subframes ( Fig. 1) . From each of the 9 sub-frames, 6 replicated sediment cores (randomly placed) were collected manually using plexiglass corers (4.7 cm internal diameter), of which three of them dedicated to the analysis of sediment organic matter, and three to the analysis of the meiofauna.
For the OM determinations, the first 2 cm of each sediment core were stored in Petri dishes at -20°C until the analysis. Protein, carbohydrate and lipid contents were determined spectrophotometrically according to Danovaro (2010) . For each biochemical assay, blanks were obtained using pre-calcinated sediments (450°C for 4 h). All the analyses were performed in triplicate, with about 1 g of sediment per replicate. Carbohydrate, protein and lipid sedimentary contents were converted into carbon equivalents using the conversion factors of 0.40, 0.49 and 0.75 mg C mg -1 , respectively, and their sum defined as biopolymeric C (BPC) (Fabiano et al., 1995) . Phytopigments were extracted using 5 mL of 90% acetone (at 4°C in the dark for 12 h) from 0.5 g sediment samples (Lorenzen and Jeffrey, 1980) . Concentrations of chlorophyll-a and phaeopigments, after acidification of extracts with 200 mL 0.1 N HCl, were determined fluorometrically (Danovaro, 2010) . Total phytopigments concentrations were calculated as sum of chlorophyll-a and phaeopigment concentrations. The algal C contribution to BPC was calculated as the percentage of phytopigment-to-BPC concentrations after converting the total phytopigment concentrations in to C equivalents using a mean value of 40 mg C mg -1 . This, the protein contribution to BPC and the protein to carbohydrate ratio were used as proxies for OM nutritional quality (Pusceddu et al., 2009 .
The meiofauna was extracted by decantation (Heip et al., 1985) as the sediments were dominated by sand. Sediments were sieved through a 40 mm mesh. The filtered material was collected and stored in 50 mL jars, diluted with marine water and fixed by buffered formalin (pH 8.2, 2% final solution; Higgins and Thiel, 1988) . The major meiobenthic organisms were counted and classified per taxon under a stereomicroscope (25-50x magnification) after staining with Rose Bengal (0.5 g L -1 ). The number of individuals obtained from each core was normalized to 10 cm 2 . A non-parametric permutational analyses of variance (PERMANOVA; Anderson, 2001 ) was performed to test for differences in organic matter quantity, biochemical composition and nutritional quality, as well as meiofauna abundance and taxonomic composition, within the 1 m 2 frame. Two different designs were used: i) considering samples station randomly distributed within the frame as single source of variation; ii) considering two main sources of variation: transect as fixed factor (T =3 levels, parallel to the coast line and The analysis of the OM dataset was based on Euclidean distances resemblance matrix of previously normalized data. The analysis of the meiofaunal dataset was based on: i) Bray-Curtis similarity matrix of either untransformed or presence/absence transformed data. The visual representation of the differences between stations/transects was obtained by a non-metric Multidimensional Scaling (nMDS). The use of presence/absence transformed data was chosen in order to scaling down the importance of highly abundant taxa (like nematodes) and, therefore, giving the same importance in variations to rare taxa (Anderson et al., 2001) .
SIMPER analysis was performed to assess the percentage dissimilarity in the meiofaunal taxonomic composition between transects and sampling station to identify which species contributed most to the observed dissimilarities. The relative influence of the different biochemical compounds on variations in the composition of meiofaunal assemblages was investigated through a nonparametric multivariate multiple regression analysis using the routine DISTLM, with either untransformed and presence/absence transformed data. All statistical analyses were performed through the use of the software PRIMER 6+, using the routine included in the package PER-MANOVA (Anderson et al., 2008) .
Small-scale dispersion analyses of sedimentary organic components (phytopigment, protein, carbohydrate, lipid and BPC concentrations) and meiofauna, were conducted using spatial autocorrelation techniques (Cliff and Ord, 1973; Sokal and Oden, 1978) to evaluate whether the observed spatial pattern of a variable is either random or aggregated so that the concentration/abundance value at one station is dependent on values present in neighboring station. In this analysis, Moran's Index, Geary's coefficient (weighting of distance Moran's I, ranging between −1 (maximum negative autocorrelation) and +1 (maximum positive autocorrelation) was used to detect aggregation due to extreme values in adjacent cores. Geary's coefficient, ranging from 0 (maximum positive autocorrelation) to a positive value (>1) for negative autocorrelation was used to test whether adjacent cores contain similar values (Jumars et al., 1977) . When I and c are both significantly >0 the distribution reflects plain positive spatial autocorrelation, whereas when only I is significant, the distribution creates discrete peaks in abundance. Furthermore, if I, c, and the Fisher's index are all not significant, the distribution is random (Pinckney and Sandulli, 1990) , whereas if Fisher's index is significant but I and c are not, it means that the size of the aggregates is less than the sampling scale (Sokal and Wartenberg, 1981) .
RESULTS

Organic matter spatial variability
Chlorophyll-a, phaeopigment, total phytopigment, protein, carbohydrate, lipid and biopolymeric C contents, as well as the algal and protein contributions to biopolymeric C and the protein to carbohydrate ratio, at all sampling stations are given in Tab. 1. The permutational analysis of variance was first ran considering sampling stations as unique source of variation. None of the organic compounds showed significant spatial variations (Tab. 2). The biopolymeric C content varied from 125.89±22.80 to 186.92±53.85 µg C g -1 (mean=154.95±28.11 µg C g -1 ; Fig. 2a ). Carbohydrates (ranging from 217.87±36.05 to 271.55±25.15 µg g -1 ) were the dominant organic compound with an average 63% contribution to the biopolymeric C, followed by proteins (ranging from 68.33±16.95 to 130.57±69.63 µg g -1 , 34% of BPC on average), and lipids (ranging from 3.37±0.81 to 10.33±0.71 mg g -1 ; 3% of BPC on average, Fig. 2b ).
Total phytopigments concentration (as the sum of chlorophyll-a and phaeopigments) varied from 0.61±0.06 to 1.00±0.49 µg g -1 , with a general dominance of chlorophyll-a (up to 0.77±0.36 µg g -1 , average of 79% of total phytopigments) over phaeopigments (maximum value 0.23±0.13, average of 21%) (Fig. 2c ) . Biochemical composition and nutritional quality of sedimentary organic matter did not vary among stations as a whole (Tab. 2).
Spatial variability of meiofauna
Overall, a total of 9 major taxa were found within the 1 m -2 sampling frame: Nematoda, Amphipoda, Copepoda, Gastropoda, Gastrotricha, Oligochaeta, Ostracoda, Polychaeta and Tardigrada, six out of which were ubiquitous in all the sampling stations (nematodes, amphipods, copepods, gastropods, gastrotriches and ostracods). Polychaetes were only encountered within stations along the transects A and B, oligochaetes were encountered exclusively in stations along transect B and Tardigrades were exclusively encountered in stations along transect A (Tab. 3). The total abundance of meiofauna showed no significant variation within the frame (Tab. 4a; Fig. 3a) . Differently, the composition of the meiofaunal assemblages (using either untransformed or presence/absence transformed data) significantly varied within the frame when sample stations were considered as the only source of variation (Tab. 4a; Fig. 3b ). When two factors of variation were considered, transects (A, B, C) and stations (1,2,3), the analysis of variation based on untransformed data showed the presence of significant spatial variations only among transects (Tab. 4b). When the analysis was conducted on presence/absence transformed data, the differences were significant only among stations within each transect (Tab. 4b). A higher nematode dominance (av-
erage of 90% of the total meiofaunal abundance) occurred in transect A, when compared to the other two transects (ca. 85% in both transect B and C). The abundance of copepods and gastrotrichs increased, from an average of 5% and 0.1% in transect A, to an average of 10% and 0.8% in transect C, respectively (Fig. 3b) . This pattern was further confirmed by the SIMPER analysis, that reveals that differences in the relative abundance of nematodes and copepods were the most responsible for the observed spatial dissimilarities. The SIMPER analysis also reveals that the larger dissimilarities in the composition of meiofaunal assemblages occurred between transect C and the other two transects (Tab. 5). Variation among the three transects was also confirmed by the nMDS bi-plot, that shows a clear visual segregation between transect C and the other two transects (Fig. 4) 
Organic matter-meiofauna relationships
The results of the DISTLM forward analysis reveals that lipids and phaeopigments explained 37% and 22%, respectively, of meiofaunal assemblage variations, when the analysis was run on untransformed data, whereas, when the analysis was carried out on presence/absence data, lipids and proteins explained 41% and 27% of variation.
Tab. 2. Results of the PERMANOVA testing for differences among stations in the composition and the nutritional quality of sedimentary organic matter in 1 m 2 of subtidal sandy sediments. Reported is also the percentage of variance explained by the source of variation (station). 
Tab. 3.
Meiofaunal abundance (numbers of individuals per 10 cm 2 ± standard error) in the sandy sediment of the study site. Tardigrades   A1  2247±187  91±38  122±31  5±3  5±2  0  5±33  3±2  0  A2  2626±446  106±13  128±18  17±6  3±2  0  14±5  1±1  1±0   A3  2302±133  167±15  168±26  13±5  1±1  0  13±6  0  0  B1  2920±121  170±21  154±4  21±3  2±2  2±0  4±1  0  0   B2  1875±197  138±31  103±23  13±3  12±1  0  3±1  2±2  0  B3  2146±336  140±32  139±42  8±2  22±7  1±1  3±1  1±1  0   C1  2611±231  161±28  310±29  3±3  36±4  0  4±2  0  0  C2  2109±204  121±13  253±10  1±1  20±5  0  3±2  0  0   C3  3612±386  128±16  238±15  0±0  15±1  0  3±1  0  0 Tab. 4. Results of the PERMANOVA testing for: a) differences among stations (one factor design) and b) differences among transects (Tr) and stations (St) (two factors design) in the abundance and composition (using untransformed and presence/absence transformed data, respectively) of the meiofaunal assemblages. Also reported is the percentage of variance explained by each source of variation. 
Station Nematodes Amphipods Copepods Gasteropods Gastrotrichs Oligochaetes Ostracods Polychaetes
Spatial autocorrelation analyses and surface plots
The results of the autocorrelation analysis are reported in Tab. 6, Moran's I, Geary's c, and Fisher's index were determined for all variables. Results showed that within 1 m 2 sampling area, proteins and lipids showed a random spatial distribution (I, c and Fisher's index p>0.05, Tab. 6), whereas carbohydrates, biopolymeric C and meiofaunal total abundance exhibited a patchy distribution, with patches smaller than 1 m 2 , since I and c do not depart significantly from 1, but Fisher's index is significantly >1 (Tab. 6). Only chlorophyll-a and phaeopigment showed a positive auto-correlated pattern (I=0.34, p < 0.05 c=0.52, p < 0.05; I= 0.34 p< 0.05 c=0.58 p<0.05) with patch size larger than the single sampling square (0.1 m 2 ), but lower than the total sampling area (1 m 2 ) (Tab. 6).
DISCUSSION AND CONCLUSIONS
A detailed understanding of the spatial distribution patterns of consumers and their resources and the scale at which their interactions occur is essential to assess a correct and reliable size of samples Pickney, 1999, Semprucci et al., 2011 ). An inappropriate sample size, indeed, may lead to under-or over-estimate spatial heterogeneity and, thus, to formulate erroneous conclusions (Cerca et al., 2018) . In this study, we analyzed the small-scale variation of the meiofauna assemblages (in terms of either abundance and taxonomic composition) and the quantity, nutritional quality and biochemical composition of OM in subtidal sediments, to test the hypothesis by which meiofaunal assemblages and OM quantity and composition do not vary within a surface of 1 m 2 . Our results show that sediments under scrutiny were characterized by a generally homogeneous spatial distri- bution of the trophic conditions, in terms of OM quantity, biochemical composition and nutritional quality. A similar homogeneous distribution pattern at the small scale (i.e., within 1 m 2 ) emerged also for the meiofaunal total abundance. These results, corroborated by the lack of autocorrelation patterns, indicate that the collection of 3 random replicas within a 1 m 2 frame can be enough to represent reliably the mean characteristics of either OM or meiofaunal abundance within such a spatial scale.
On the other hand, the significant variation (PER-MANOVA P<0.05) of the meiofaunal community composition among the three transects at this small spatial scale (1 m 2 ), indicates that the sampling effort for assessing the variability of meiofaunal assemblage composition in sandy shallow sediments exposed to wave action would need a higher number of (possibly larger) replica per single m 2 .
In this regard, we showed that changes in the composition of the meiofaunal assemblages across transects were associated with variations in the micro-hydrodynamic gradient, which decreased from transect A (nearest to the coast) and the transect C. Although. our experiment is limited to the spring season, and thus not exportable on Tab. 5. Dissimilarities in the composition of meiofaunal assemblages among transects and stations and species responsible for the estimated difference.
Dissimilarity (%)
Explanatory species Explained variance (%) Cumulative explained variance (%) wider temporal scales, we notice that, across such gradient, the abundance of copepods and amphipods increased, whereas that of nematodes decreased. Such a pattern is consistent with the habitus of these taxa (Higgins and Thiel, 1988; Thiel, 1992; Giere, 2009 ): copepods have a preeminent epi-benthic habitus, so that they are more sensitive to higher hydrodynamic conditions (where waves break), where, instead, nematodes, with a preeminent infaunal habitus, can easily dig the sediment to resist to waves' disturbance. Moreover, several nematodes species are capable of adhering to the sediment particles thanks to a gland that secretes sticky mucus, forming an "armature" that increases their body weight and, thereby, their resistance to the hydrodynamic disturbance (Moens et al., 2013) . The response of nematodes to hydrodynamic action (waves and currents) have been observed also in tropical areas (Maldives), in which the effect of the higher exposition to the monsoon shaped the meiofaunal assemblages showing a higher nematodes abundance in exposed areas compared to those exposed to from low to medium physical disturbance (Semprucci et al., 2010 (Semprucci et al., , 2011 . Although the sediment grain size variation within 1 m 2 in a microtidal area, like the one under scrutiny can be assumed to be invariant, another potential bias of our results remains the lack of data about sediment grain size, which typically responds to physical disturbance and, in turn, represents a major factor controlling distribution of meiofauna (Semprucci et al., 2010) .
The analyses carried out to identify the type of spatial pattern (random or patchy) of the investigated variables indicate that carbohydrate concentration, BPC and total meiofaunal abundance showed a patchy distribution, as previously reported also for bacteria and other biopolymers in sandy sediments of the Adriatic Sea (Danovaro et al., 2001) . The significant Fisher's index indicates also that for all of those variables the patch size was smaller than the surface of two adjacent squares (ca. <0.2 m 2 ). On the other hand, chlorophyll-a and phaeopigments (which typically represent the most important nutritional component of sedimentary OM, even in the deep sea; Bianchelli et al., 2008; Pusceddu et al., 2009 ) revealed a patchy distribution characterized by patch sizes higher than a single sub-frame square (i.e., >0.1 m 2 ). In particular, chlorophyll-a sedimentary contents slightly increased while moving far from the shore. One possible explanation for such a pattern is that microalgal patch size might be influenced by the micro-scale hydrodynamic features which, in turn, shape the bottom micro-topography. This latter hypothesis is consistent with previous findings from micro-scale distribution analyses (Danovaro et al., 2001) , that identified sandy ripples and marks as the sedimentary structures -shaped by waves motion in shallow watersthat are most responsible for the micro-distribution patterns of benthic phytopigments. We stress that the microalgal patch size reported in this study (<0.1 m 2 ) could be up to two orders of magnitude larger than that reported in Adriatic sediments (1.34 cm 2 ). We notice, however, that such a huge discrepancy could be due to the much different size of the sub-frame square used in this study when compared to that used by Danovaro et al., (2001) , who analyzed samples collected centimeters one a part to assess the micro-topographical significance of ripplesmarks structures and the depression among them.
Many studies have shown that the composition of meiofaunal communities depends upon the quantity and biochemical composition of sedimentary organic matter over a broad range of spatial scales and habitats (Cerrano et al., 2010; Pusceddu et al., 2007 Pusceddu et al., , 2011 Semprucci et al., 2010; Bianchelli et al., 2013) . Among the different classes of organic compounds, phytopigments, proteins and lipids often represent high-energy components of the biopolymeric C (Pusceddu et al., 2009) and, indeed, have been often related to meiofaunal abundance and biodiversity either in shallow (Albertelli et al., 1999) and deepsea Gambi et al., 2014) habitats. Most typically, algal and protein fractions of biopolymeric C represent the most bioavailable components for benthic consumers nutrition (Pusceddu et al., 2003) . Accordingly, Tab. 6. Results of spatial autocorrelation analyses of all variables. Moran's I, Geary's c, and Fisher's index are reported. Autocorrelation values were calculated using weighting of distance −2 and significant values were assigned using the randomization assumption. Expected values E (I)=−0.020 and E (c)=1.000. 
